Exaggerated levels of the leukotriene B 4 (LTB4) frequently coexist at sites of inflammation and tissue remodeling. Therefore, we hypothesize that the LTB4 pathway plays an important role in the pathogenesis of neutrophilic inflammation that contributes to pulmonary emphysema. In this study, significant levels of LTB4 were detected in human lung tissues with emphysema compared with lungs without emphysema (9,497 Ϯ 2,839 vs. 4,142 Ϯ 1,173 pg/ml, n ϭ 9 vs. 10, P ϭ 0.04). To further determine the biological role of LTB4 in the pathogenesis of emphysema, we compared the lungs of wild-type (WT) and LTA4 hydrolaseϪ/Ϫ mice (LTB4 deficient, LTA4HϪ/Ϫ) exposed to intranasal elastase or vehicle control. We found that intranasal elastase induced accumulation of LTB4 in the lungs and caused progressively worsening emphysema between 14 and 28 days after elastase exposure in WT mice but not in LTA4HϪ/Ϫ mice. Premortem physiology documented increased lung compliance in elastase-exposed WT mice compared with elastase-exposed LTA4HϪ/Ϫ mice as measured by Flexivent (0.058 Ϯ 0.005 vs. 0.041 Ϯ 0.002 ml/cmH2O pressure). Postmortem morphometry documented increased total lung volume and alveolar sizes in elastase-exposed WT mice compared with elastase-exposed LTA4HϪ/Ϫ mice as measured by volume displacement and alveolar chord length assessment. Furthermore, elastase-exposed LTA4HϪ/Ϫ mice were found to have significantly delayed influx of the CD45 high CD11b high Ly6G high leukocytes compatible with neutrophils compared with elastase-exposed WT mice. Mechanistic insights to these phenotypes were provided by demonstrating protection from elastase-induced murine emphysema with neutrophil depletion in the elastase-exposed WT mice and by demonstrating time-dependent modulation of cysteinyl leukotriene biosynthesis in the elastase-exposed LTA4HϪ/Ϫ mice compared with elastase-exposed WT mice. Together, these findings demonstrated that LTB4 played an important role in promoting the pathogenesis of pulmonary emphysema associated with neutrophilic pulmonary inflammation. chronic obstructive pulmonary disease; leukotriene B4; neutrophil INFLAMMATION AND TISSUE REMODELING are prominent features of many pulmonary disorders. This is readily apparent in chronic obstructive pulmonary disease (COPD), which is characterized by lymphocyte-, macrophage-, eosinophil-, and granulocyterich inflammation, leading to associated pathological alterations in the airways and alveoli (16, 18, 33, 38) . Previous observations also demonstrated significant variability of the disease phenotypes and inflammatory responses among COPD patients (36). Population-based epidemiological studies have reported that a considerable number of cigarette smokers with a history of significant smoking do not develop COPD, and 25% of smokers with COPD develop an emphysematous variant of COPD (36). The importance of genetics in the pathogenesis of emphysematous COPD is further reflected by the discovery of ␣ 1 -antitrypsin deficiency, which manifests as an aggressive form of emphysema at younger ages (31). These observations suggest that unique host characteristics may either protect or predispose patients, respectively, from or to developing cigarette smoke-induced pulmonary emphysema. Unfortunately, to date, specific mechanisms that are responsible for the initiation, generation, and proliferation of emphysema have not been adequately defined.
INFLAMMATION AND TISSUE REMODELING are prominent features of many pulmonary disorders. This is readily apparent in chronic obstructive pulmonary disease (COPD), which is characterized by lymphocyte-, macrophage-, eosinophil-, and granulocyterich inflammation, leading to associated pathological alterations in the airways and alveoli (16, 18, 33, 38) . Previous observations also demonstrated significant variability of the disease phenotypes and inflammatory responses among COPD patients (36) . Population-based epidemiological studies have reported that a considerable number of cigarette smokers with a history of significant smoking do not develop COPD, and 25% of smokers with COPD develop an emphysematous variant of COPD (36) . The importance of genetics in the pathogenesis of emphysematous COPD is further reflected by the discovery of ␣ 1 -antitrypsin deficiency, which manifests as an aggressive form of emphysema at younger ages (31) . These observations suggest that unique host characteristics may either protect or predispose patients, respectively, from or to developing cigarette smoke-induced pulmonary emphysema. Unfortunately, to date, specific mechanisms that are responsible for the initiation, generation, and proliferation of emphysema have not been adequately defined.
Leukotrienes (LTs), one subpopulation of the lipid metabolites, have been suggested as possible molecules involved in the pathogenesis of several pulmonary disorders. LTs are lipid mediators of inflammation derived from the 5-lipoxygenase (5-LO) pathways of the arachidonic acid metabolism. They fall into two classes, the cysteinyl LTs (cLT) (LTC 4 , LTD 4 , LTE 4 ) and LTB 4 . Exaggerated levels of the cLTs have been documented in asthma, where they contribute to asthmatic smooth muscle contraction, bronchospasm, microvascular permeability, mucous hypersecretion, airway remodeling, and eosinophilic inflammation (5, 7, 11, 43, 46) . Exaggerated levels of the LTB 4 have been documented in sepsis, bacterial infection, cystic fibrosis, nonsteroid-dependent asthma, and COPD (3, 13, 14, 19, 29, 43) . However, few studies have specifically investigated the roles of the LTB 4 pathways in the pathogenesis of pulmonary emphysema.
Previous studies from our laboratory utilized a transgenic knock-in model of IL-13, and it demonstrated that the transgenic IL-13 potently stimulated the 5-LO metabolite pathways during the process of emphysematous pulmonary tissue destruction and inflammation (40) . These studies also demonstrated that in mouse lungs the tissue effects of the 5-LO metabolites in IL-13-induced pulmonary emphysema were possibly modulated by the LTB 4 biosynthetic pathways (40) . Several studies have also highlighted the importance of LTB 4 and the significant induction of genes within the LT metabolism that contribute to neutrophilic inflammation and tissue remodeling (4, 17, 21, 25, 47) . Interestingly, cellular and molecular mechanisms by which LTB 4 induces emphysematous alveolar remodeling have not been specifically investigated. Therefore, we hypothesized that the rate-limiting LTB 4 biosynthetic enzyme, leukotriene A 4 hydrolase (LTA 4 H), may play an important role in the pathogenesis of neutrophilic pulmonary inflammation and emphysema. To test this hypoth-esis, we first assessed the amount of LTB 4 in human lungs with emphysema. These studies demonstrated that emphysematous human lungs contained higher levels of LTB 4 compared with non-emphysematous human lungs. To further investigate the possible biological role of LTB 4 in the pathogenesis of pulmonary emphysema, we characterized the development of emphysema in the lungs of the LTA 4 H wild-type (WT) and LTA 4 H knockout (LTA 4 HϪ/Ϫ) mice exposed to intranasal elastase. Our findings demonstrated that LTA 4 HϪ/Ϫ mice were protected from pulmonary emphysema induced by elastase, in part, as a result of reduced neutrophilic inflammation.
MATERIALS AND METHODS
Human lung specimens. After University of Virginia Institutional Review Board approval, 19 patients who underwent lung resection for the purposes of lung cancer were enrolled. All subjects signed informed consent. Once the lung tissues were resected, lung tissues from non-cancerous surrounding areas were excised and snap-frozen at Ϫ80°C until biochemical analyses. To determine the presence or absence of emphysema, clinical data including basic demographic information, official report of preoperative chest computer tomography (CT) scan, and original result of the preoperative pulmonary function test (PFT) was collected. Only those who had significant cigarette smoking history defined as minimally 20 pack-year cigarette smoking (number of packs of cigarette smoked per day multiplied by the total number of years smoking) were enrolled. PFT findings with less than 0.80 ratio of the forced expiratory volume in 1 s (FEV1) to functional vital capacity (FVC) and less than 80% of the predicted carbon monoxide diffusion capacity (DLCO) by European Community for Coal and Steel 1993 reference were necessary to be classified as emphysematous COPD subjects. These emphysematous PFT findings were also correlated with the presence of CT report describing emphysematous parenchymal lung findings. All other subjects with greater than 80% of the predicted DLCO were considered nonemphysematous smokers even if the FEV1 to FVC ratio was less than 0.80. These non-emphysematous PFT findings were also correlated with the CT report to confirm the absence of any description suggestive of pulmonary emphysema. For biochemical analysis, lungs were suspended in ice-cold homogenization buffer (Complete Protease Inhibitor Cocktail Tablets, Roche Diagnostics), homogenized by a tissue homogenizer (Fisher Scientific), and sonicated in ice. Fifty microliters of each lung homogenate was used to measure the protein concentration by Coomassie dry protein assay plates (Pierce Lab). HPLC grade methanol (JT Baker) with 0.1% 1 N acetic acid was added to a portion of lung homogenate to precipitate protein and then centrifuged at 2,000 rpm for 15 min. Lipid from the supernatant was extracted by C 18 Sep-pak cartridges (Waters) after preconditioning it with 100% HPLC methanol (JT Baker) three times and 100% HPLC H 2O (JT Baker) three times. After initially passing the lung homogenate samples through the cartridges, C18 cartridges were washed three times with 60% methanol-40% H2O solution, and then the lipid was eluted with 100% methanol-0.1% 1 N acetic acid (30) . Eluted methanol was dried completely under vacuum in a Speedvac. Pellet was resuspended in enzyme immunoassay (EIA) buffer, and the LTB 4 was assessed by a commercially available LTB4 EIA kit (Cayman Chemical). LTB4 levels were normalized to total protein in each specimen.
LTA 4HϪ/Ϫ mice. In these studies, we used knockout mice in which LTA4 hydrolase loci were targeted with null mutation. These mice were provided as a kind gift from Dr. Beverly Koller's laboratory (Univ. of North Carolina, Chapel Hill, NC). The mice were on a 129J genetic background and were characterized as previously described (6) . The mice used in these studies were 8 -12 wk of age. The null mutation in these mice caused deficiency in the production of LTB 4, which was associated with blunted neutrophilic inflammatory responses (6) . The genotype of the mice was confirmed as previously described (6) . 129J WT mice were purchased from the National Cancer Institute (NCI Animal Production Program). In all experiments, we compared the phenotype of the WT and LTA4HϪ/Ϫ mice. Use of these mice in our studies was approved by the University of Virginia School of Medicine Institutional Animal Care and Use Committee.
Elastase-induced pulmonary emphysema. WT and LTA4HϪ/Ϫ mice, 8 to 12 wk of age, were sedated by 0.06 ml of 60/5 mg ketamine-5 mg xylazine mixture per kg mouse weight. Once sedated, 100 l of porcine elastase in PBS, 0.75 g of elastase per gram mouse weight (Calbiochem), or PBS alone (vehicle control, Quality Biological) were intranasally instilled using a method previously described (20, 22, 27) . Once exposed to elastase or vehicle control, mice were kept upright in 50-ml conical tubes for 10 min to prevent any reflux of the instilled agents. Once recovered, mice were killed on days 3, 7, 14, and 28 postexposure.
Premortem pulmonary physiological assessment. Total lung compliance was assessed using a Flexivent (SCIREQ, Montreal, Canada) as previously described (24, 28) . In brief, animals were deeply anesthetized with a ketamine and xylazine mixture (60 mg/5 mg), the trachea was cannulated using p10 tubing, the sternum was completely opened, the diaphragm was cleared by opening the abdominal cavity, and animals were ventilated at a respiratory rate of 120 breaths/min with PEEP 3 cmH 2O per a recommended protocol from the manufacturer. This technique ensured that the live animals' voluntary effort could not influence the physiological values detected by the Flexivent. Once the animals were acclimated to the Flexivent ventilator, prescribed Flexivent algorithm was performed as previously described (24, 28) , and lung compliance was calculated using the software supplied with the ventilator. Animals were killed following physiological measurements, and tissues were harvested for postmortem physiological and morphometric assessment. For the purposes of biochemical analysis and flow cytometry, tissues from animals were harvested without Flexivent assessment.
Postmortem lung volume assessment. Lung volume was assessed as previously described (40, 50) . In brief, animals were anesthetized, the trachea was cannulated, and the lungs were removed en bloc and inflated at a constant 25 cmH2O pressure of 1% melted low-melting point agarose gel (Promega) in PBS. The sizes of the lungs were evaluated by volume displacement technique as previously described (40, 50) .
Histological morphometric assessment. Once the volume displacement of the lungs was determined, the trachea was tied to keep the lungs inflated, then fixed in 10 ml of paraformaldehyde for 18 h. Fixed lungs were stained with H&E by the Research Histology Laboratory of the Department of Pathology at the University of Virginia School of Medicine. Alveolar size was determined from the mean chord length of the air space as previously described (40, 50, 51) . Sequential digital pictures of the entire lungs were captured by an Axiostar microscope (Carl Zeiss Microimaging) and then processed by NIH Image 1.63 in an iMac (Apple computer) with a macro downloaded from the NIH server user macro directory (chord length macro by Dr. Robert Homer, public web link: http://rsb.info.nih.gov/nih-image/ download/contrib/ChordLength.SurfaceArea). Chord length measurement is similar to the mean linear intercept, a standard measure of air space size, but has the advantage that it is independent of alveolar septal thickness (40, 49) .
Bronchalveolar lavage fluid analysis for LTB 4 and cLTs. Animals were anesthetized as described above at the specified time points, and the trachea was cannulated with Insyte Autoguard Winged 22 Ga 1.00 inch 0.9 ϫ 25 mm angiocatheter (BD). Two aliquots of 0.6 ml PBS were used to collect whole lung BALF. The BALF was immediately frozen at Ϫ80°C. Lipid from the BALF was extracted by C18 Sep-pak cartridges in the same manner described above for the human lung tissues. Extracted lipid was then resuspended in EIA buffer, and LTB4 and cLTs levels were assessed by a commercially available LTB4 or cLT EIA kit (Cayman Chemical).
mRNA analysis. Total lung mRNA was isolated by TRIzol (Invitrogen) per the manufacturer's recommended protocol. The PCR primers are described in Table 1 . GAPDH was used as an internal standard. Real-time RT-PCR was performed with Bio-Rad iCycler Real-Time RT-PCR machine using Sybergreen RT-PCR kits (Bio-Rad). The levels of the detected target gene products were first quantified by an already constructed standard curve, normalized with GAPDH, and then expressed as % ratio of the target gene transcript compared with negative control animals (intranasal vehicle-exposed WT mice). Levels of the target gene transcription were first analyzed by one sample t-test with 100% as a hypothetical mean.
FACS analysis of whole lung leukocyte infiltration. Time course of the lung inflammatory cell trafficking into the lungs was assessed from whole lung single cell suspension by FACS analysis. Briefly, mouse lungs were harvested at 3, 7, 14, and 28 days postexposure to intranasal elastase or vehicle control. The lungs were isolated after flushing the right ventricle with PBS to clear leukocytes and erythrocytes from the pulmonary circulation. Lungs were then digested in lung digestion media with 1.0 mg/ml collagenase A (Roche Diagnostics) in RPMI (Quality Biological), and erythrocytes were lysed with ACK buffer (Quality Biological). Cells isolated from the lungs were stained with PerCP-labeled CD45 (BD), APC-Cy7-labeled CD11b (BD), and PE-labeled Ly6G (BD). Infiltrating leukocytes were gated from other lung cells by the expression of CD45. Next, all CD45 high cells were gated into Ly6G high and CD11b high cells, neutrophils. Multicolor analysis of the stained cells was performed on a FACScan flow cytometer (BD Biosciences). FlowJo (version 8.8.6 .) was used to analyze the data.
Neutrophil depletion in the murine model of intranasal elastaseinduced emphysema. Starting 1 day before intranasal exposure, 129J WT mice were treated with intraperitoneal (ip) 200 g anti-Ly6G antibody (BioXcell) or 200 g Isotype antibody (BioXcell) per mouse every other day for 28 days. Twenty-four hours after the first ip antibody treatment, mice were exposed to intranasal elastase as described above. Twenty-eight days postexposure, lung compliance, total lung volume, and chord length were assessed as described above. Peripheral blood leukocytes were assessed to confirm successful depletion of neutrophils by performing flow cytometry with PerCPlabeled CD45, APC-Cy7-labeled CD11b, and PE-labeled Ly6G.
Statistics. All data was expressed as means Ϯ SE and assessed for significance by one sample t-test, Student's t-test or one-way ANOVA with subgroup comparison as appropriate. All statistics were performed using Prism software (GraphPad Software). In all analyses, P value Ͻ 0.05 was considered significant.
RESULTS

LTB 4 levels are found to be elevated in human emphysema.
To begin to address the role(s) of LTB 4 in the pathogenesis of pulmonary emphysema, studies were first undertaken to assess the levels of the LTB 4 in the whole lung tissues from human subjects with and without pulmonary emphysema. All subjects had a diagnosis of non-small cell lung cancer and underwent curative lung resection. Non-cancerous tissues surrounding the cancer were collected as far away as possible from the primary tumor, and absence of cancer was confirmed by clinical pathologists. Nine subjects had no evidence of emphysematous COPD (Non-EM) by CT scan and PFT, whereas 10 had clear evidence of emphysematous COPD (EM). Basic demographic information showed a slightly older and more female-predominant EM group compared with non-EM group with expected patterns in the PFT assessments (Table 2) . Measured levels of lung tissue LTB 4 were first normalized to total protein concentration of tissue from each subject. When the levels of LTB 4 were compared, EM group had significantly higher levels of LTB 4 in its lung tissue compared with non-EM group, supporting the notion that LTB 4 levels were higher in emphysema (Fig. 1) . These findings demonstrated that emphysematous lungs of cigarette smoke-exposed humans contained higher levels of LTB 4 compared with non-emphysematous lungs of cigarette smoke-exposed humans.
LTB 4 biosynthetic pathways in elastase-induced murine emphysema. On the basis of the findings in emphysematous human lungs, a cohort of WT mice was exposed to either intranasal vehicle control or elastase at 0.75 g of elastase per kilogram of mouse weight to determine whether the LTB 4 pathway contributed to the pathogenesis of the elastase-induced murine pulmonary inflammation and remodeling. The mice were killed 0, 3, 7, 14, and 28 days post either intranasal elastase or vehicle exposure and assessed for LTB 4 biosynthesis and for the severity of pulmonary emphysema. Total lung BALF was collected and examined for LTB 4 levels. LTB 4 biosynthesis was significantly upregulated in the BALF of the WT mice exposed to intranasal elastase (up to 2.5-fold higher by day 7) compared with mice exposed to vehicle alone ( Fig. 2A) . To investigate the mechanisms associated with the upregulated LTB 4 biosynthesis, levels of genes transcribing cytosolic phospholipase 2 (cPLA 2 ) and LTA 4 H were assessed with real-time RT-PCR in whole lung mRNA of the WT mice exposed to Fig. 2 . All wild-type 129J mice were exposed to either PBS vehicle or 0.75 g elastase per kg mouse weight via an intranasal route. A: whole lung bronchoalveolar lavage fluid LTB4 0, 3, 7, 14, and 28 days after elastase exposure was assessed by an enzyme immunoassay. B: gene transcribing for cPLA2 was assessed by Sybergreen real-time RT-PCR 3, 7, 14, and 28 days after elastase exposure, normalized by GAPDH, expressed as % of target gene expression compared with the matched wild-type controls, and assessed for significance from the expected baseline (100%). C: genes transcribing for LTA4H were assessed by Sybergreen real-time RT-PCR 3, 7, 14, and 28 days after elastase exposure, normalized by GAPDH, expressed as % of target gene expression compared with the matched wild-type controls, and assessed for significance from the expected baseline (100%). D: premortem lung compliance was assessed with Flexivent 14 and 28 days after elastase exposure. E: postmortem whole lung volume was assessed by volume displacement technique after inflating the lungs at 25 cmH2O pressure melted 1% low-melting point agarose gel pressure. F: postmortem chord length was assessed in H&E-stained lungs after inflating the lungs with techniques described above. ϩ/ϩ, Wild type; V, vehicle; E, elastase. *P Ͻ 0.05; n.s., P value not significant. either elastase or vehicle (Fig. 2, B and C) . Statistically significant upregulation was observed with the levels of the gene transcribing cPLA 2 and LTA 4 H after elastase exposure, and transcriptional upregulation of LTA 4 H was greater in magnitude and persisted longer than that of cPLA 2 . This demonstrated that the increased levels of the LTB 4 may have been caused by simultaneously increased bioavailability of the precursor arachidonic acid and increased biosynthesis of the LTB 4 . To assess the progression in the severity of pulmonary emphysema, mouse lungs were assessed at 14 and 28 days after intranasal elastase or vehicle exposure pre-and postmortem. The severity of emphysema was assessed by measuring premortem lung compliance by Flexivent method. Lung compliance measured by this method was expected to be directly proportional to the severity of the emphysematous alveolar destruction. As expected, significantly increased lung compliance was noted in WT mice exposed to elastase compared with WT mice exposed to vehicle control at 14 and 28 days postexposure (Fig. 2D) . Moreover, significantly higher compliance was noted in the mouse lungs assessed at 28 days postelastase exposure compared with the mouse lungs assessed at 14 days postelastase exposure (Fig. 2D) . The severity of emphysema was also assessed by measuring postmortem whole lung volume and chord length. It was expected that the lung volume would increase with worsening emphysema (40, 49) . To correlate the gross anatomical lung volume assessment with the microscopic alterations in the alveolar sizes, histological assessment was conducted. Lungs were inflated with 25-cm pressure of melted 1% low-melting point agarose gel and fixed for 18 h in paraformaldehyde. Larger chord length values indicate larger alveolar sizes, which suggest more severe emphysema (40, 49) . Again as expected, significantly increased whole lung volume and chord length were noted in WT mice exposed to elastase compared with WT mice exposed to vehicle control at 14 and 28 days postelastase intranasal exposure (Fig. 2, E and F) . Although larger lung volumes and chord lengths were appreciated in the mouse lungs assessed at 28 days postelastase exposure, these values were not statistically different from the values of the lungs assessed at 14 days postexposure (Fig. 2, E and F) . These results demonstrated that the emphysematous remodeling was progressive from days 14 to 28 postelastase exposure in our mouse model, and, as a result, the day 28 time point was chosen for all subsequent phenotypic assessment.
Absence of LTB 4 ameliorated emphysematous pulmonary remodeling as assessed by lung compliance measurement. To define the role of LTB 4 in the pathogenesis of elastase-induced emphysematous alveolar remodeling, we compared the alterations in the premortem lung compliance invasively measured by Flexivent in WT and LTA 4 HϪ/Ϫ mice after exposure to either elastase or vehicle. Twenty-eight days after the intranasal vehicle exposure, there were no changes in the lung compliance between WT and LTA 4 HϪ/Ϫ mice postintranasal vehicle exposure (Fig. 3) . As expected, the average lung compliance of the WT mice at 28 days postintranasal elastase exposure was significantly increased compared with the average lung compliances of the WT and LTA 4 HϪ/Ϫ mice at 28 days postintranasal vehicle exposure. However, the average lung compliance of the LTA 4 HϪ/Ϫ mice at 28 days postintranasal elastase exposure was significantly reduced compared with the average lung compliance of the WT mice at 28 days postintranasal elastase exposure (P Ͻ 0.05). These findings demonstrated that the absence of LTB 4 protected mouse lungs from elastase-induced pulmonary emphysema.
Absence of LTB 4 ameliorated emphysematous pulmonary remodeling as assessed by gross inspection and whole lung volume and chord length measurement.
On the basis of these pulmonary physiological findings, we next assessed the postmortem alterations in the whole lung volumes to define the role of LTB 4 in the pathogenesis of elastase-induced emphysematous alveolar remodeling. Similar lung volumes were noted between the vehicle-exposed WT and LTA 4 HϪ/Ϫ mice (Fig. 4A) . As expected, intranasal elastase caused a marked increase in lung volumes of the WT mice compared with the vehicleexposed WT and LTA 4 HϪ/Ϫ mice (Fig. 4A) . However, when the elastase-exposed WT mice were compared with the elastase-exposed LTA 4 HϪ/Ϫ mice, LTA 4 HϪ/Ϫ mice were found to have significantly reduced lung volume (Fig. 4A , P Ͻ 0.05). After being fixed for 18 h in paraformaldehyde, gross inspection demonstrated significant reduction in lung volumes among the elastase-exposed LTA 4 HϪ/Ϫ mice compared with the elastase-exposed WT mice (Fig. 4B) . We also assessed the postmortem alterations in the alveolar structure by chord length measurement. Similar chord lengths were noted between the vehicle-exposed WT and LTA 4 HϪ/Ϫ mice (Fig. 4C) . As expected, intranasal elastase caused a marked increase in the alveolar sizes of the WT mice compared with the vehicleexposed WT and LTA 4 HϪ/Ϫ mice (Fig. 4C) . Significantly reduced alveolar sizes were noted in the elastase-exposed LTA 4 HϪ/Ϫ mice compared with the elastase-exposed WT mice ( Fig. 4C, P Ͻ 0.05) . However, these protective effects noted in the elastase-exposed LTA 4 HϪ/Ϫ mice were partial as demonstrated by modest but persistent emphysema noted in these animals. Representative pictures were taken to appreciate the differences found in the chord length assessment (Fig. 4D) . These findings demonstrated that the absence of LTB 4 protected mouse lungs from the elastase-induced pulmonary emphysema.
Absence of LTB 4 reduces neutrophilic inflammatory responses in the murine model of elastase-induced pulmonary emphysema.
Previous studies have reported that LTB 4 plays a major role in the biology of neutrophils (4, 6, 13, 29, 48) . Therefore, we set out to investigate the roles that LTB 4 plays on the influx of neutrophils into the lungs in our murine model. We isolated cells from the lungs 0, 3, 7, 14, and 28 days postintranasal elastase or vehicle exposure, triple-stained for CD45, Ly6G, and CD11b, and examined by flow cytometry. Cells positively stained with CD45, Ly6G, and CD11b were considered neutrophils, and a previously published gating strategy by Park et al. (35) (Fig. 5A ). The number of neutrophils was similar between the unchallenged WT and LTA 4 HϪ/Ϫ mice (Fig. 5B) . After intranasal exposure, our results revealed that a significantly increased number of neutrophils infiltrated the lungs of the elastase-exposed WT mice compared with the vehicle-exposed WT and LTA 4 HϪ/Ϫ mice. The infiltration of neutrophils appeared by day 3, was maintained until day 7, and then tapered off by days 14 and 28 (Fig. 5B) . Compared with the elastase-exposed WT mice, infiltration of the neutrophils into the lungs was significantly reduced in the elastase-exposed LTA 4 HϪ/Ϫ mice 3 days after elastase exposure (Fig. 5B) . However, between days 3 and 7 postelastase exposure, significant infiltration of the neutrophils into the lungs continued in greater intensity with the elastase-exposed LTA 4 HϪ/Ϫ mice compared with the elastase-exposed WT mice. As a result, there was no significant difference in the number of infiltrating neutrophils between the elastase-exposed WT and elastase-exposed LTA 4 HϪ/Ϫ mice by day 7 (Fig. 5B) . These findings suggested that the LTB 4 played a major role in the recruitment of neutrophils into the lungs in a kinetic-dependent manner in our murine model.
Role of neutrophils in elastase-induced murine emphysema. Based on the results of the flow cytometry, we hypothesized that the LTB 4 deficiency may have protected murine lungs from emphysematous destruction by alleviating the acute phase of the neutrophilic inflammation. To establish the causal relationship between the neutrophilic inflammation and pulmonary emphysema in our murine model, we investigated the effects of neutrophil depletion on the elastase-induced pulmonary emphysema. Starting on day Ϫ1, WT mice were treated every other day with either neutrophil-depleting anti-Ly6G antibody or isotype control antibody (8, 35) , and 28 days after elastase exposure, lung compliance, whole lung volume, and chord length were measured to assess emphysema. Effectiveness of neutrophil depletion strategy was confirmed by demonstrating neutropenia in the peripheral blood with flow cytometry analysis (Fig. 6A) . As shown in Fig. 6 , B-D, anti-Ly6G antibodytreated murine lungs were significantly protected from emphysema compared with the isotype control antibody-treated murine lungs in all measures of the severity of emphysema. This demonstrated that neutrophils contributed significantly to the Fig. 4 . Lungs were inflated at 25 cmH2O pressure of melted 1% low-melting point agarose gel 28 days after intranasal elastase or vehicle exposure. A: whole lung volumes assessed by PBS volume displacement; n ϭ 7-10/group. B: a representative picture of inflated lungs after being fixed in paraformaldehyde for 18 h. C: serial adjacent images were captured, and then the chord length was assessed by a computerized macro script; n ϭ 6 -8/group. D: a representative picture of H&E slides at 5ϫ power after being fixed with paraformaldehyde for 18 h. ϩ/ϩ, WT; Ϫ/Ϫ, LTA4HϪ/Ϫ; V, vehicle; E, elastase. *P Ͻ 0.05. pathogenesis of elastase-induced murine pulmonary emphysema.
Absence of LTA 4 H altered cLT metabolite pathway. In the absence of LTA 4 H activity and presence of enhanced cPLA 2 activity, one can envision a scenario in which an increased amount of precursor substrate is available for production of cLTs. To assess the effects of cLT biosynthesis in the LTA 4 HϪ/Ϫ mice, we first measured the levels of BALF cLTs in WT mice 0, 3, 7, 14, and 28 days after vehicle or elastase exposure. The levels of cLTs in the BALF were significantly increased in elastase-exposed WT mice at all time points compared with the vehicle-exposed WT mice (Fig. 7A) . Subsequently, the levels of cLTs were measured in the BALF of the WT and LTA 4 HϪ/Ϫ mice 28 days after vehicle or elastase exposure, and they was found to be significantly higher in the elastase-exposed LTA 4 HϪ/Ϫ mice compared with the elastaseexposed WT mice (Fig. 7B) . These results suggested that alteration in the cLT metabolic pathways may have possibly contributed to the protection against pulmonary emphysema observed in the elastase-exposed LTA 4 HϪ/Ϫ mice.
DISCUSSION
Exaggerated levels of LTB 4 frequently coexist with and are felt to contribute to the pathogenesis of a variety of diseases including sepsis, bacterial infection, cystic fibrosis, non-steroid-dependent asthma, and COPD (3, 13, 14, 19, 29, 43) . Several studies have highlighted the importance of LTB 4 and significant induction of genes within the LT metabolism that contribute to neutrophilic inflammation and tissue remodeling (4, 17, 21, 25, 47) . In accordance with these observations, our previous study demonstrated that the LTB 4 biosynthesis was significantly induced and may play an important role in the emphysematous form of COPD (40) . In keeping with the appreciation that the LTB 4 biosynthesis may be dysregulated at sites of neutrophilic inflammation and tissue damages in emphysematous COPD, we investigated the biology of LTB 4 in the pathogenesis of elastase-induced pulmonary emphysema.
Our studies demonstrated that the LTB 4 made an important contribution to the pulmonary inflammation and emphysematous destruction. Initially, we demonstrated that levels of LTB 4 were significantly elevated in the emphysematous human lungs compared with the non-emphysematous human lungs in smokers. This suggested that the LTB 4 may play a significant biological role in the pathogenesis of human pulmonary emphysema. To provide a mechanistic understanding, we employed a murine model of elastase-induced pulmonary emphysema. In this mouse model, LTB 4 biosynthesis was significantly upregulated, and time-dependent progression of emphysema was found by premortem physiological assessment. Pulmonary emphysema became progressively more severe 28 days after elastase exposure compared with 14 days. LTA 4 HϪ/Ϫ mice are unable to produce LTB 4 , and when these mice were exposed to intranasal elastase, absence of LTB 4 protected murine lungs from emphysematous destruction. Trafficking of the neutrophils into the lungs was significantly delayed in the absence of LTB 4 , and neutrophils were demonstrated to be important, deleterious inflammatory cells in our model by applying a strategy to deplete neutrophils with anti-Ly6G antibody. Finally, the LTA 4 H null mutation caused significant alterations in the cLT biosynthetic pathways.
These results demonstrated several notable observations related to the biology of LTB 4 and the murine model of the elastase-induced pulmonary emphysema. First, we reported that LTB 4 biosynthesis was upregulated after intranasal elastase exposure, and this confirmed that the murine model of the elastase-induced pulmonary emphysema was an appropriate murine model to investigate the biology of LTB 4 . Although LTB 4 biosynthesis was significantly upregulated at all time points, absolute amounts of LTB 4 from BALF were 2.5-to-3-fold greater 3 and 7 days postelastase exposure compared with 14 and 28 days. Unlike the IL-13-induced pulmonary emphysema model, intranasal elastase significantly upregulated cLT biosynthesis throughout all time points (40) . Amounts of cLTs were even greater in the elastase-exposed LTA 4 HϪ/Ϫ mice compared with the elastase-exposed WT mice 28 days postexposure. These results demonstrated that the elastase-induced murine model of emphysema was biologically different from IL-13-induced pulmonary emphysema and that the alteration in the cLT biosynthesis may have contributed to the protection of the murine lungs from emphysema. . WT and LTA4HϪ/Ϫ mice were exposed to intranasal vehicle or elastase, lungs were harvested 0, 3, 7, 14, and 28 days after exposure, cells were triple-stained with CD45, CD11b, and Ly6G, and cells were counted by flow cytometry. A: gating strategy to count CD45 high CD11b high Ly6G high (neutrophils). B: neutrophils were counted, and significant reduction was noted in the elastase-exposed LTA4HϪ/Ϫ mice compared with elastase-exposed WT mice 3 days postelastase exposure. No difference was noted between the elastase-exposed WT and LTA4HϪ/Ϫ mice 7 days postelastase exposure. ϩ/ϩ, WT; Ϫ/Ϫ, LTA4HϪ/Ϫ; V, vehicle; E, elastase. *P Ͻ 0.05.
Second, absence of LTB 4 delayed infiltration of the neutrophils into the lungs. Several studies reported that LTB 4 played important roles in the recruitment of neutrophils (12, 15, 26, 34) . Our results are consistent with these previous studies. However, further examination of neutrophil trafficking demonstrates that LTB 4 may be involved only in the trafficking of these cells into the lungs during the acute phases of our model. Significantly fewer neutrophils infiltrated the lungs of the elastase-exposed LTA 4 HϪ/Ϫ mice compared with the elastaseexposed WT mice 3 days postexposure. However, from 3 to 7 days postelastase exposure, significantly more neutrophils were found in the elastase-exposed LTA 4 HϪ/Ϫ mice, and the numbers of neutrophils were virtually equivalent between the elastase-exposed WT and LTA 4 HϪ/Ϫ mice by day 7. This strongly suggests that LTB 4 -independent mechanism(s) may take over 3 days after elastase exposure and increase the number of neutrophils in lungs of these animals. Several possible mechanisms may influence influx, efflux, and or apoptosis of the neutrophils. In the past, neutrophils have been mostly described as a causative leukocyte in the pathogenesis of pulmonary emphysema (16, 19, 31, 41, 42) . We confirmed this hypothesis by depleting neutrophils with anti-Ly6G antibody and by demonstrating protection against emphysema in the elastase-exposed WT mice treated with anti-Ly6G antibody. Absence of LTB 4 ameliorated emphysematous lung destruction in the setting of delayed but still increased number of neutrophils infiltrating the lungs. This suggests the possibility of LTB 4 -and neutrophil-independent or LTB 4 -dependent but neutrophil-independent mechanism(s) working to protect the elastase-exposed LTA 4 HϪ/Ϫ mice from progressive emphysematous alveolar destruction. Future studies are necessary to investigate this intriguing question of why lungs were still protected from progressive emphysematous destruction in the absence of LTB 4 but in the presence of significantly delayed infiltration of neutrophils into the lungs.
Third, we described the phenotypes of the elastaseinduced mouse pulmonary emphysema by means of both premortem and postmortem assessments. Although alveolar morphometry has been frequently performed to characterize murine pulmonary emphysema (40, 49) , reliability and accuracy of the postmortem anatomic assessments have been also questioned (44, 45) . Several postmortem factors such as activation of coagulation, rigor mortem, and techniques to inflate whole lungs may influence and skew experimental endpoints in postmortem anatomic assessment. On the other hand, premortem assessment with Flexivent has been applied with increasing frequency in recent years to provide more in-depth understanding of pulmonary pathology in murine models (9, 10, 23, 24, 37) . However, to date, only a few studies have utilized both premortem and postmortem assessments to characterize pulmonary emphysema in murine models (28) . We believe that our results correlating premortem lung compliance and postmortem anatomic/ histologic measurements have considerable significance in this aspect. We also believe that assessment by Flexivent can provide more direct, accurate, sensitive, and reliable measurement of alveolar pathology. This was demonstrated by the fact that premortem assessment by Flexivent was able to detect progressively worsened pulmonary emphysema in the elastase-exposed WT mice 28 days postexposure compared with 14 days. On the other hand, the postmortem assessment by lung volume displacement and chord length measurement was not able to reliably detect such changes.
Fourth, absence of LTB 4 protected murine lungs from pulmonary emphysema, but these effects were not complete. Direct instillation of elastase by the intranasal route causes immediate, acute damages to the lungs with significant bleeding, plasma extravasation, and destruction of lung architecture (data not shown), and these direct insults to the lungs may have been too great to reverse completely. This methodological aspect of our murine model can at least partially explain incomplete protection in the absence of LTB 4 . Fig. 6 . Effects of neutrophil depletion on pulmonary emphysema in elastase-exposed WT mice 28 days after elastase or vehicle exposure. A: flow cytometry of the peripheral blood leukocytes stained with CD45, CD11b, and Ly6G to identify neutrophils. B: premortem lung compliance measurement by Flexivent. C: postmortem whole lung volumes assessed by PBS volume displacement; n ϭ 6/group. D: serial adjacent images were captured, and then the chord length was assessed by a computerized macro script; n ϭ 6/group. ϩ/ϩ, WT; E, elastase; Iso, isotype IgG; a-Ly6G, anti-Ly6G monoclonal antibody. *P Ͻ 0.05.
We also acknowledge that our study has some limitations. First, the presence of non-small cell lung cancer in our human lung tissues may have altered the amounts of LTB 4 . Several previous studies have demonstrated association between lung cancer and leukotrienes (1, 2, 32, 39) . However, we believe that our experimental design was well controlled by the presence of lung cancer diagnosis in all human subjects, by the presence of cigarette smoking history in all human subjects, and by the absence of cancer in all tissues analyzed for LTB 4 . Second, although intranasal elastase causes significant emphysema, it is not representative of typical pathogenesis of human emphysema. Therefore, we set our hypothesis narrowly and conducted investigation to define mechanistic relationships among LTB 4 , neutrophil, and pulmonary emphysema with clearly stated limitation of our model. Third, all our analyses of the whole lung inflammatory cells were observational and limited only to neutrophils. Therefore, future studies are required to establish causal relationship among LTB 4 biosynthetic pathway, pulmonary emphysema, and other types of inflammatory responses in the pulmonary tissues of this murine model. Last, our previous study demonstrated that the timely activation of 5-LO may be necessary to protect murine lungs from IL-13-induced pulmonary emphysema (40) . However, our current study suggests that one of the 5-LO metabolites, LTB 4 , may be a deleterious metabolite in the pathogenesis of pulmonary emphysema. We can speculate three possible reasons for the differences between these studies. First, our previous study was conducted in mice with C57B/6 background instead of 129J background, and the difference in genetic backgrounds may explain the different results. Second, our previous study investigated the emphysematous remodeling by applying transgenic IL-13 knockin strategy compared with direct instillation of elastase. The intranasal elastase did not induce IL-13 production (data not shown), and the absence of IL-13 induction may be the reason for the observed differences. Third, the transgenic IL-13 selectively induced LTB 4 biosynthesis (40), but the intranasal elastase significantly induced cLT and LTB 4 biosynthesis. These biological differences suggest that the phenotypes observed in the current study may have been composite results of the exaggerated presence of the cLTs in the absence of LTB 4 . When viewed in combination, one can envision complex biological effects with the null mutation at the LTA 4 H loci channeling unmetabolized precursors to LTC 4 or other lipid metabolite biosynthetic pathways. This, in turn, may have contributed to protection from emphysematous tissue destruction. It is tempting to speculate that the long-observed heterogeneity of COPD phenotypes may be explained by this sort of complex modulation in the lipid metabolic pathways based on genetic variations. However, additional experiments are required to draw such conclusion.
In summary, our studies demonstrated that emphysematous human lungs of cigarette smokers had higher levels of LTB 4 compared with the non-emphysematous human lungs of cigarette smokers. This finding led us to a murine study demonstrating that intranasal elastase stimulated production of the LTA 4 hydrolase metabolite, LTB 4 . Our study demonstrated that the absence of LTB 4 significantly ameliorated elastaseinduced pulmonary emphysematous remodeling and tissue destruction. Last, our study provided mechanistic insights by demonstrating that the absence of the LTB 4 altered neutrophil infiltration into the lungs and cLT biosynthesis in the lungs in a kinetic manner. Our present study suggested that the severity of the emphysematous destruction in lungs may be ameliorated via interventions that regulate the LTA 4 hydrolase biology. Our study also highlighted possible inflammatory cell types and downstream genes that will need to be observed closely to evaluate the effects of these interventions on alveolar structures. This establishes the LTA 4 hydrolase as a noteworthy site for future investigations designed to evaluate the disease susceptibility, disease progression, and therapeutic utility in pulmonary emphysema. 
